A synthetic, structural and theoretical investigation into the solid-state, solution and gas phase structure(s) of six 2-acylmethyl-4,4-dimethyl-2-oxazolines is reported. Four of these materials, viz. α-[(4,5-dihydro-4,4-dimethyl-2-oxazolyl)methylene]benzenemethanol (3a), α-[(4,5-dihydro-4,4-dimethyl-2-oxazolyl)-methylene]-(4-nitrobenzene)methanol (3b), 1-(4,5-dihydro-4,4-dimethyl-2-oxazolyl)-3,3-dimethyl-1-buten-2-ol (3d) and (E)-1-phenyl-2-((3aR)-3,3a,8,8a-tetrahydro-2H-indeno[1,2-d]oxazol-2-ylidene)ethanone (3f ) have been characterised in the solid-state by single crystal X-ray diffraction studies. These data represent the first solid-state structural studies of this class of compounds and details the first synthesis and full characterisation of chiral derivative 3f. All four of these materials are shown to exist in the solid phase in the enamine tautomeric form (e.g., 3a is best described as 2-[4,4-dimethyl-2-oxazolidinylidene]-1-phenylethanone) and it is suggested (NMR, IR) that this isomeric form is likely also retained in solution (e.g., CDCl 3 ) as the more stable isomer. An investigation of the relative gas phase stabilities of the three possible (i.e., the (Z)-enol, keto and enamine) isomers of all five compounds by DFT at the B3LYP/6-311G(d) level of theory confirms the latter as the most stable form. The energy differences between the enamine and keto tautomers have been calculated to be the lowest for derivative 3d. These results are compared and contrasted with the previously reported NMR studies of such compounds which have identified the keto form as being a minor (albeit solution) tautomer. Equilibrium solution tautomer distributions for 3d are found to be solvent dependent. The protonated form of 3a, isolated as the HSO 4 − salt (i.e. 4a), has been further characterised in the solid state by single crystal X-ray diffraction. These data represent the first example of a protonated oxazoline to be structurally elucidated and confirms that upon protonation, the keto (oxazoline) tautomer is the energetically favoured form in the solid-state. This observation is further supported by DFT studies for the gas phase protonated forms of such materials. Further DFT (B3LYP/6-311G(d)) calculations employing the SM8 or SMD solvation models were then applied to address the observed solution isomeric distribution for 3d; these results corroborate the gas phase theoretical treatment and also yield values that predict the higher solution stability of the enamine form as observed, although they fail to account for the existence of the keto form as a minor solution state tautomer. To access the availability of an enol-form, via hypothetical de-protonation to the enolate, compound 3a was treated with hydrated Cu(NO 3 ) 2 in EtOH solution. The resulting isolated green-coloured product (5), the first metal derivative of this entire class of ligands, is best described (IR, X-ray diffraction) 
Introduction
Azoles, specifically the 2-oxazoline (i.e., 4,5-dihydro-2-oxazole) sub-class of azoles, represent an important group of chiral auxiliaries and metal binding agents which are used extensively in both enantio-selective catalysis and materials science. 1 In addition, this heterocycle has been employed for some time as a monomer in polymer chemistry 2 and as a directing and/or protecting group in organic syntheses; azoles are also present in a wide variety of natural products and synthetic drugs. 3, 4 Our own interests lie in the areas of metal coordination chemistry and ligand design strategies of both chiral and achiral oxazolines. 5 In this regard, we became interested in a class of oxazoline-derived organics first described by the late A. I. Meyers; 6 simple protocols (Scheme 1) for a variety of other examples being revealed sometime later by Tohda and coworkers. 7a-c These compounds, in one tautomeric form, contain an oxazoline linked to a ketone functionality via a carbon atom emanating from oxazoline ring position-2 (Scheme 1). 6, 7 A potential application of these materials involves the sequestering of the enol-form (Scheme 1: A) via κ 2 -N,O metal chelation either proceeding or subsequent to H + loss (i.e., bidentate metal-binding via the resulting enolate).
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There are several reasonable resonance forms for this class of heterocycles including two oxazoline forms (Scheme 1: A [enol] and B [keto]) and a secondary amine of the enamine class (Scheme 1: C). The investigation reported herein examines several of these materials in both the solid-state (X-ray diffraction, IR), solution (NMR) and in a theoretical sense (DFT) to determine the relative stabilities and properties of such tautomeric possibilities. 9 In this regard, reaction of enamine 3a with divalent copper nitrate results in the isolation and full characterisation of the corresponding bis-κ 2 -N,O-enolate complex. This confirms the accessibility, at least under these conditions, of a hypothetical enol-tautomer of this class of materials and thus establishes the groundwork for a coordination chemistry exploration of ligands such as 3a. A further consequence of this work is the establishment of the facile accessibility of chiral versions of this potential ligand class via example 3f. The forms depicted in Scheme 1 also serve to demonstrate that this class of heterocycles will allow for a rare opportunity 10 to examine an enamine, keto and enol-trio, not only in terms of their stabilities, but also with respect to their general structural properties in terms of the resonance-assisted H-bonding (RAHB) theory.
11

Results and discussion
As mentioned previously, compounds such as 3a-3e have found application as useful intermediates in the syntheses of other heterocyclic materials. 6, 7 Both Meyers 6 and Tohda 7a-c independently surmised that the three tautomers, shown in Scheme 2, could be accessible for these compounds and that this aspect might be a contributing factor to their observed reactivity. Indeed for alkyl derivatives such as 3e, both researchers reported a minor solution tautomer (∼10%) unequivocally identified as the keto-form 12 in addition to a major species assigned to the enamine. This latter conclusion was supported by 13 C NMR data. 6, 7 No theoretical studies or any solid-state characterisation (X-ray) data have been reported for any of these materials. An initial selection of three of these compounds was chosen for investigation by single crystal X-ray diffraction and these results are described below.
Solid-state characterisation
Suitable single crystals of compounds 3a, 3c and 3d (Scheme 2) were obtained by re-crystallisation of the said materials from hexanes-toluene mixtures. Fig. 1-3 give graphical representations (ORTEP 13 ) of a unit cell molecule of each of the respective compounds. Details of the crystal data and tables of bond lengths and angles can be found in the ESI. † The general crystal parameters reveal nothing unusual nor surprising.
14 However, the identification of an N-H group and a formal CvC initiating from ring position-2 on the heterocycle are observations of Organic & Biomolecular Chemistry Paper obvious relevance. These results unequivocally identify all three of these compounds as existing in the enamine isomeric form (Scheme 1: C) in the crystalline solid-state. 15 This tautomeric situation has been previously noted in, for example, compounds such as (E)-N-(1,3-oxazolidin-2-ylidene)benzamide 16a and other related species. 10a,16b It is therefore suggested that this isomeric form is the likely thermodynamically more stable solid-state isomer for such compounds.
Resonance assisted H-bonding (RAHB) is a theory first introduced by Gilli et al. 11 and is used to describe a special form of intramolecular H-bonding and its effect(s) on ground state molecular structure. 11, 17, 18 This concept is used to evaluate the level of H-bonding and bond length distortions between groups D-H⋯A = where D and A are atoms which are connected through a π-conjugated system. A schematic representation of such a generalised system, with some selected bond labelling, appears in Scheme 3. 18 Compounds such as 3a therefore provide an opportunity to examine the presence of the effects attributed to RAHB in enamine-containing molecules. If there is appreciable π-delocalisation present in a particular system, such as that depicted in Scheme 3, this will affect the various interatomic distances on these simple observations that the H-bond resulting from the N-H⋯OvC interaction appears to be relatively weak in these systems.
17,18
Solution NMR studies
In an attempt to observe and/or clarify the isomeric distributions in solution of the phenyl compounds such as 3a-c, an examination by VT-1 H NMR spectroscopy was initiated. Unfortunately, under both low (−78°C) and high (+40°C) temperature conditions only a single (non-keto) isomer was observed in the case of 3a (CDCl 3 solution) and indeed a similar result is noted for the RT spectrum of 3a recorded in acetone-d 6 .
These observations are consistent with the room temperature (RT) data reported by Tohda. 7a, c As mentioned previously, alkyl derivative 3e reveals the presence of a minor (unequivocally keto) species in addition to the major, enamine (NMR: 6,7c vide supra) form. Our independent observations here confirm both Meyers 6 and Tohda 7c reports of the minor (∼10%) keto 3e tautomer being present at RT in chloroform-d. tert-Butyl compound 3d has also been examined previously via 1 H NMR spectroscopy. This material has been reported to exhibit a single set of resonances, again presumed to be representative of the enamine, when examined in CCl 4 solution by NMR spectroscopy. 7a In contrast, our observations confirm the presence of the minor keto form in CCl 4 (external CDCl 3 lock) being present in about 6.1%. Our further examination of this compound dissolved in CDCl 3 also reveals the presence of this same minor species (8.1%:
) in addition to the major enamine tautomer. These data suggest that solvent influences may be an important aspect of the isomer distributions in these materials 17, 19 and that such interactions could be energetically greater than any influences due to RAHB. 6, 7, 17, 19, 20 Calculations (DFT calculations see ESI †) have revealed that upon protonation, the keto tautomers are considerably lower in energy than the respective protonated enamine or enol species (∼40 kJ mol −1 ). Therefore, the attempted syntheses of the protonated form of 3a and 3d was carried out (reaction of 3a/d and H 2 SO 4 ) and the resulting products (e.g., 4a/d) isolated as a crystalline solids. † The nature of these materials was then confirmed by single crystal X-ray diffraction ( Fig. 4 ) and these data represent, to our knowledge, the only crystallographically characterised protonated oxazoline in the literature. As expected, the data are wholly consistent with a keto-form for crystalline 4a; distinct NvC (d = 1.29 Å) 19f,g,20 To investigate this notion further, a sample of compound 3d was further examined ( 1 H NMR) after dissolution in C 6 D 6 , acetone-d 6 , MeOH-d 4 and DMSO-d 6 . The ratio of enamine to Organic & Biomolecular Chemistry Paper keto forms (K T ) in these solvents (RT) were determined to be 24. 3; 27.5; 6.4 and 40.9-to-one, respectively 19f,g,21 Such an investigation will be part of a separate treatment of these effects.
Theoretical gas phase and solution (DFT) treatments
The solid-state structures of compounds 3a, 3c and 3d determined above (X-ray) can be compared with calculated structures for the gas phase. † Using the solid-state structure of 3a, a study was made of the effect of the selected basis set on the results of the geometric optimisation. Calculations were carried out with the B3LYP/6-31G(d), 6-311G(d) and 6-311G(d,p) basis sets and the bond lengths, angles and torsion angles compared thereafter. Calculations with the 6-311G(d) basis set provided very good agreement with the experimental values, similar to but better than the results obtained from using the 6-31G(d) basis set. Subtle differences in the calculated structure of 3a when compared to the solidstate structure were consistent with the expected effects of crystal packing. The geometrically-optimised structure with the higher level 6-311G(d,p) basis set was not noticeably improved and not surprisingly required significantly more computation time to complete. Therefore, the 6-311G(d) basis set was considered the best compromise between accuracy and computational time requirements and was used accordingly for structure calculations of all the molecular isomers in this study. A comparison of the bond lengths, bond and torsion angles for the solid-state vs. DFT determined gas phase structures for 3a, 3c and 3d can be found in the ESI † and in Table 1 . As noted in Table 2 , in all five cases (3a-e), the enamine tautomer is calculated to be the most stable gas phase isomeric form, followed by the enol form. The ketoisomer is estimated to be the least stable ground state configuration. This result is in contrast to the solution (CDCl 3 ) phase observations, notably for 3d and 3e in which both the keto (minor) and the enamine (major) isomer are present. 6, 7 In relation to the idea of RAHB, an examination of the calculated structure of the enol tautomer of 3a was carried out to evaluate the potential energetic contributions of RAHB in this particular isomeric form. 14 This result gives credence to the hypothesis that RAHB is also weak for this tautomer in a similar way as was found for the more stable enamine form (vide supra).
It appears from the observed data obtained by us and others that solvation may be an important contributor to the observed tautomeric distribution (s) . Therefore, a theoretical study (DFT: B3LYP/6-311G(d)) was carried out on 3d which included the solvation modelling parameters SM8 or SMD. † 22 These treatments of solution phenomena have been found to be useful 22, 23 in some cases for predicting solvation enthalpies and the relative stability of tautomeric isomers. 23 Data for this investigation is tabulated in the ESI as Table S-3 . † This data clearly parallel the gas phase studies, confirming the stability of the enamine tautomer in each case, but failing to account for the observation of the keto-tautomer. The results are, however, consistent with an energetically accessible enol-tautomer. In terms of applying such findings to metal-ligand complex syntheses, one might suggest that materials such as 3a may be amenable to conversion to a metal-bound enolate formed via proton loss. This concept is addressed below.
Chiral derivatives -proof-of-principle: the synthesis of 3f
The use of organic fragments as ligands in both coordination chemistry and catalysis has been a subject of growing importance in recent years as the interdisciplinary nature of synthesis continues to expand. A modular ligand design strategy, in which a similar set of protocols and/or starting materials can be used, facilitates the production of large libraries of ligands that can have pre-established steric and/or electronic properties. Our desire to use the Tohda inspired compounds as potential ligands is further enhanced by the realisation that many chiral 2-methyl-2-oxazoline precursors are available or readily synthesised. It has been noted that unsubstituted 2-methyl-2-oxazoline itself can be a troublesome reagent to employ under such methodology 7g and hence this substrate provides a potential caveat to the realisation of such a ligand library. We therefore felt that the synthesis of a chiral analogue of 3a-3d would suggest that this potential class of ligands was worthy of further synthetic scrutiny. In this regard, the use of (3aS,8aR)-2-methyl-8,8a-dihydro-3aH-indeno [1,2-d] oxazole (1f: Scheme 2), readily available from (1S,2R)-cis-1-amino-2-indanol, was chosen as a proof-of-principle reactant. Treatment of 1f under identical conditions as those employed in the synthesis of 2a (and subsequently 3a) were found, to our Paper Organic & Biomolecular Chemistry delight, to yield chiral derivative 3f in reasonable overall yield (see Experimental) without employing column chromatography. As observed previously for aryl-derivatives such as 3a, no spectroscopic evidence for a second tautomer was observed via NMR spectroscopy. Isolation of 3f as single crystals and examination by X-ray crystallography unequivocally confirmed the nature of the structure of the desired material and again identifies the enamine form as the stable solid-state tautomer (Fig. 5 ). This promising result opens a gateway for an extensive examination of potential chiral ligands for applications in enantio-selective substrate modification.
Sequestering an enolate -metal complex formation via 3a
The solid-state and solution examination of the materials described herein has clearly indicated the preference of the enamine form with only alkyl derivatives displaying the spectroscopic presence of the keto tautomer. Despite our calculations to the contrary, unequivocal observation or isolation of the hypothetical enol form has not been observed. The sequestering of an enol form, as a precursor to metal-bound formally anionic enolates, would make these materials even more attractive from both a coordination chemistry (e.g., 3a) and enantio-selective catalysis (3f ) point of view. Thus, in our opinion a further fundamentally attractive aspect of these compounds is their potential as ligands. We therefore tested 3a in reactions with hydrated Cu(NO 3 ) 2 in an attempt to replace the nitrate and aqua ligands with two equivalents of a hypothetical enolate derived via proton loss from 3a. This chemistry is prompted by the known propensity of Cu 2+ ions to form stable and isolable metal-enolates 24 and hence this reaction provides a good starting point for a coordination chemistry study. The connection between the structure of a deprotonated enolate such as [3a-H] -and the highly successful β-ketoamine class of ligands, is also of obvious relevance. 25 The treatment of light yellow-coloured solutions of 3a with a one-half equivalent of Cu(NO 3 ) 2 ·2.5(H 2 O) leads to an immediate colour change to deep green. Isolation of the resulting green powder (5: Experimental), followed by characterisation and crystallisation of this material, reveals elemental analyses data consistent with the formation of a complex of stoichiometry Cu(3a-H) 2 . To unequivocally confirm the structural nature of 5, a single crystal X-ray diffraction study was again undertaken. Complex 5 crystallises in the P21/c space group (Table S-1 †); a schematic representation of a unit cell molecule of 5 is shown in Fig. 6 . These data confirm the coordination of two units of the predicted enolate anion resulting from the de-protonation of 3a.
The resulting product 5 is a mononuclear formally Cu 
Conclusions
An examination of the solid-state, solution and gas phase tautomers for a number of 2-acylmethyl-2-oxazolines has been carried out and the first solid-state structural studies of this class of compounds has been revealed. The stability of the possible isomers of these materials seems to be phase Organic & Biomolecular Chemistry Paper dependent with solely the enamine isomer being found in the (crystalline) solid-state and dominating the solution phase. Keto isomers are observed in solution for the alkyl derivatives 3d and 3e; this appears to be a solvent dependent observation. The enol form has not been unequivocally observed but is calculated (DFT) to be a more stable gas phase isomer than the keto-forms. An examination of the potential of RAHB as an energetic contribution to the stability of the enamine and enol forms of a number of these materials was also examined and it is surmised that such contributions are likely to be fairly weak in these systems. The B3LYP/6-311G(d) basis set was found to be a suitable level of theory to emulate the solid-state molecular properties of compounds such as 3a and no clear advantage to employing the B3LYP/6-311G(d,p) basis set was found.
A further result of these investigations has been the first isolation and solid-state characterisation of any protonated oxazoline (4a) and, under these conditions, the keto isomer is clearly established by crystallography and theoretical calculations to be the more stable form. This series of organic derivatives has been expanded to include a chiral analogue (i.e., 3f ) based on the utilisation of the known 2-methyl-2-oxazoline derivative (3aS,8aR)-2-methyl-8,8a-dihydro-3aH-indeno [1,2-d] oxazole. The new compound 3f is formed under similar reaction protocols to those disclosed by Tohda and co-workers. One of the title materials (3a) has also been tested for the first time in the synthesis of a transition metal coordination complex. The resulting compound formed between Cu 2+ ions in the presence of excess 3a is shown to be derived from deprotonation of the organic fragment and coordination, in a κ 2 -N,O-chelating sense, of a resulting enolate. An expanded exploration into the use of this class of potential anionic ligands is currently underway.
Experimental
General remarks
All chemical reagents were purchased commercially and used as received. Melting points were determined on a Fisher Scientific Model 12-144 melting point apparatus and are uncorrected. IR spectra were recorded as KBr pellets using a Perkin Elmer Spectrum One IR spectrometer and near-IR spectra were recorded from CCl 4 solutions on a Varian Carey 5 UV/Vis/near-IR spectrophotometer. 1 H and 13 C{ 1 H} NMR spectra were recorded in CDCl 3 solution or other solvents as indicated at RT by a Bruker Avance 70 AC-400 NMR spectrometer. Spectra are referenced to external TMS (δ = 0.00 ppm) which is in turn assigned by the residual non-deuterated solvent as internal standard. The syntheses of 3a, 3c and 3d were carried out as described previously using 2,4,4-trimethyl-2-oxazoline (1) which is first converted to the corresponding di-acylated products (2: Scheme 1). 7a-c Toluene was used in lieu of benzene 7a for the purposes of re-crystallization for 3a, 3c and 3d. Compound 3e was synthesised as reported by Meyers et al. 6 The purity of all of the products was confirmed by a combination of mp and IR and NMR spectroscopies. The synthesis of 4a and attempted synthesis of 4b was carried out by the addition of excess conc. H 2 SO 4 to a methanol solution of the organic starting material; crystals were obtained by slow evaporation of the resulting mixture. These materials were only examined by NMR spectroscopy and/or X-ray diffraction and hence were not characterised further nor purified. The examination of compounds 3a, 3c, 3d, 3f, 4a and 5 via single crystal X-ray diffraction was carried out as described 5a,d,e previously. † Synthesis of 3b. 7, 29 Using similar reaction protocols to those described by Tohda et al. (Scheme 1) , 7a a sample of 2,4,4-trimethyl-2-oxazoline (1: 5.65 g: 50.0 mmol) was placed in a 500 mL round-bottomed flask and heated to reflux temperature for 3 h in the presence of 4-methoxybenzoyl chloride (17.05 g: 100 mmol), NEt 3 (17.4 mL: 125 mmol) and acetonitrile (100 mL). The mixture was then cooled, filtered and all volatile components of the reaction mixture were then removed in vacuo; the residue was then treated with CHCl 3 (50 mL) and water (50 mL). The organic layer was washed with 5% aq. NaHCO 3 (15 mL × 3), dried (Na 2 SO 4 ), filtered and the solvents removed by rotary evaporation. The crude solid material was then recrystallised (hot hexanes) and then re-dissolved in EtOAc (100 mL), extracted with dil. KOH, dried (Na 2 SO 4 ), and then evaporated. This procedure yielded the diacyl product 2b (9.77 g: 51%) in the form of a pale yellow powder (mp: 175-176°C). 30 To a sample of 2b isolated in this way (3.50 g: 9. 18 mmol), a solution of 100 mL of 1.5 M methanolic KOH was added. The mixture was stirred at RT for 16 h, filtered, and then the volatile components were removed in vacuo. The residue was suspended in water (50 mL) and then extracted with CHCl 3 (20 mL). The organic layer was then washed with water (thrice: 15 mL), dried (Na 2 SO 4 ), filtered again and then evaporated to dryness. The crude solid product was then recrystallised (hot hexanes) to give the colourless product 3b (1. 1, 55.3, 58.4, 73.3, 78.8, 113.3, 128.6, 130.9, 132.6, 161.6, 169.4, 186.7 . Synthesis of 3f. Stage 1: a sample of (3aS,8aR)-2-methyl-8,8a-dihydro-3aH-indeno [1,2-d] oxazole (1f; 0.42 g: 2.43 mmol; synthesised and characterised as previously reported 31 ) was dissolved in a mixture of MeCN (20 mL) and NEt 3 (0.67 mL: 4.86 mmol). Benzoyl chloride (0.56 mL: 4.86 mmol) was then added by syringe and the mixture slowly heated to reflux temperature. A gradual colour change from colourless to yellow to orange was noted. After 4 h, the reaction flask was cooled to RT. All volatile components were then removed by rotary evaporation using a bath temperature of between 50-60°C. The resulting brown-coloured solid was then extracted with EtOAc (2 × 30 mL) and water (50 mL). The residual solids and aqueous layer was again extracted (CHCl 3 : 30 mL) and the organics combined, washed with 5% aq. NaHCO 3 , and dried (Na 2 SO 4 ). This mixture was then filtered, and evaporated
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(rotovap) to give the crude, dark yellow solid of (Z)-2-((3aR) -3-benzoyl-3,3a,8,8a-tetrahydro-2H-indeno[1,2-d] 8, 65.8, 83.6, 85.4, 125.5, 126.8, 127.2, 128.0, 128.1, 128.2, 129.0, 129.9, 131.3, 131.9, 134.3, 138.4, 139.8, 140.0, 158.9, 168.5, 186.8) 5, 64.5, 74.1, 83.8, 125.0, 125.5, 126.8, 128.0, 128.1, 128.6, 129.4, 130.5, 139.3, 139.7, 169.7, 187 .0. Synthesis of 5. To a 50 mL round-bottomed flask was added 3a (0.50 g: 2.3 mmol) and 95% aq. EtOH (10 mL). The mixture was then stirred until all contents had dissolved. A sample of Cu(NO 3 ) 2 ·2.5H 2 O (0.27 g: 1.2 mmol) was added to the solution; an immediate colour change from yellow to green was observed. After stirring for 6 h, the solvent was reduced (vacuo) to a volume of about 2 mL and the flask then placed in a freezer (−4°C) for 3 h to complete precipitation of the resulting powder. These green coloured solids were filtered off and then dried in vacuo. Recrystallisation was carried out using CHCl 3 as solvent which was then layered with an equal volume of EtOH. This yielded material suitable for X-ray diffraction and analytical purposes after a period of [2] [3] [4] [5] . mp: 165°C (decomp.). IR (KBr, ν, cm 
Theoretical calculations
Full geometry optimisations were carried out with the use of the B3LYP density functional level of theory 32 using the 6-31G(d), 6-311G(d) and 6-311G(d,p) basis sets 33 on all atoms (see ESI †) for all materials studied except Cu complex 5; in this latter case the 6-31G(d) level only was employed. For the optimised geometries, harmonic vibrational frequencies were calculated at the B3LYP level. Single-point energies for the 6-311G(d) optimised geometries were calculated at the B3LYP/cc-pVTZ level of theory (except 5: 6-31G(d) 
